Control over the simultaneous delivery of different functionalities and their synchronized intracellular activation can greatly benefit the fields of RNA and DNA biomedical nanotechnologies and allow for the production of nanoparticles and various switching devices with controllable functions. We present a system of multiple split functionalities embedded in the cognate pairs of RNA-DNA hybrids which are programmed to recognize each other, re-associate and form a DNA duplex while also releasing the split RNA fragments which upon association regain their original functions. Simultaneous activation of three different functionalities (RNAi, Fö rster resonance energy transfer and RNA aptamer) confirmed by multiple in vitro and cell culture experiments prove the concept. To automate the design process, a novel computational tool that differentiates between the thermodynamic stabilities of RNA-RNA, RNA-DNA and DNA-DNA duplexes was developed. Moreover, here we demonstrate that besides being easily produced by annealing synthetic RNAs and DNAs, the individual hybrids carrying longer RNAs can be produced by RNA polymerase II-dependent transcription of singlestranded DNA templates.
INTRODUCTION
We have developed a novel approach that separates functional nucleic acid strands and conditionally restores them to their original function (1) . Conceptually, it resembles the widely used split-protein systems (2) (3) (4) . To reveal the full potential of this technique, herein we propose to simultaneously split and restore multiple functionalities upon re-association of two cognate RNA-DNA hybrids ( Figure 1 ). Besides the tighter control over synchronized activation, this novel approach may also help to resolve some problems associated with the clinical delivery of RNA-based therapies (5) , including intravascular degradation (6) [will be significantly reduced for RNA-DNA hybrids (1)] and pharmacodynamics [fluorescent tags can be activated assisting in (Fo¨rster resonance energy transfer (FRET)) imaging of delivery and response (1) ]. Moreover, additional chemical functionalities (targeting molecules, fluorescent tags, chemical analogs of nucleotides, etc.) can be introduced through direct modifications of the DNA strands in individual RNA-DNA hybrids thus, not interfering with the functions of the released RNA-based components. The new technique described here is anticipated to greatly benefit and expand the emerging fields of RNA and DNA nanotechnology (7) (8) (9) (10) (11) (12) (13) .
MATERIALS AND METHODS

RNA and DNA sequences
All oligonucleotides were purchased from Integrated DNA Technologies, Inc. The RNA and DNA sequences are listed in the Supporting Information.
Hybrid RNA-DNA duplexes assemblies and native PAGE The RNA and DNA oligonucleotides were mixed in hybridization buffer [89 mM Tris, 80 mM Boric Acid (pH 8.3), 10 mM magnesium acetate] at 100 nM final concentrations and incubated in a heat block at 95 C for 2 min followed by snap cool to room temperature and incubation for 30 min. Native polyacrylamide gel electrophoresis (PAGE) experiments were performed as described (14, 15) . Typically, assembly experiments reported were analyzed at 10 C on 7% (29:1) native Figure 1 . Schematic representation of RNA-DNA hybrid re-association and release of multiple functionalities: FRET response, DS siRNA (in red) and MG RNA aptamer (in green). Three-dimensional (3D) structure of the two-stranded MG aptamer (in green) contains a bound dye (in red). PDB ID: 1f1t. Due to asymmetry of the MG aptamer, the resulting DNA duplex is also asymmetric and contains an internal loop.
polyacrylamide gels in the presence of 89 mM Tris-borate, pH 8.3, 2 mM Mg(OAc) 2 . A Hitachi FMBIO II MultiView Imager was used to visualize SYBR Gold or Ethidium Bromide stained RNA-DNA hybrids.
Re-association and recombinant human Dicer assay
Hybrid RNA-DNA duplexes were prepared as described above to a final concentration of 3 mM. For re-association and dicing experiments, samples were incubated for 4 h at 37 C with or without recombinant human turbo dicer enzyme kit (Genlantis), containing an ultra-active form of human recombinant dicer enzyme, according to the manufacturer's suggested protocol. Dicing reactions were analyzed on 2 mM Mg(OAc) 2 native 7% PAGE (described above).
Release of Malachite Green aptamer
All fluorescent studies of Malachite Green (MG) aptamer release upon RNA-DNA hybrid re-association (at 100 nM final each) were carried out in hybridization buffer during the incubation at 37 C. Increase in MG emission signal (compared to free MG and MG in the presence of individual hybrids) confirms the release of RNA strands, their further assembly and formation of active MG aptamer. For all samples, the excitation was set at 425 nm.
FRET studies
To assess the re-association of RNA-DNA hybrids in vitro, FRET measurements were performed using a FluoroMax3 (Jobin-Yvon, Horiba). For all the experiments, the excitation wavelength was set at 460 nm, and the excitation and emission slit widths were set at 2 nm. In a first set of experiments, complementary DNAs were modified with Alexa488 or Alexa546. To follow the kinetics of recombination, an Alexa488 RNA-DNA hybrid containing sense RNA was first incubated for 2 min at 37 C and an Alexa543 RNA-DNA hybrid containing antisense RNA was then added in equimolar amounts as specified in the text. Upon excitation at 460 nm, the emissions at 520 and 570 nm were recorded simultaneously every 30 s to follow the process of re-association through FRET measurements. Static measurements were also performed after 3 h of co-incubation of equimolar amounts of the two fluorescently labeled hybrids. The decrease of Alexa488 fluorescence was fitted in Sigmaplot. A linear regression was applied to fit the data to a single exponential decay equation with three parameters as follows: y = y 0 +ae -kt
Transfection of human breast cancer cells
For assaying the delivery of functional RNA-DNA hybrids, human breast cancer cell line MDA-MB-231 [with or without enhanced green fluorescent protein (eGFP)] was grown in D-MEM media (Gibco BRL) supplemented with 10% FBS and penicillin-streptomycin in a 5% CO 2 incubator. All in vitro transfections in this project were performed using L2K purchased from Invitrogen. RNA-DNA hybrids were pre-incubated at 30 C with L2K. Prior to each transfection, the cell media was swapped with OPTI-MEM, and prepared hybrid/L2K (or control siRNA/L2K) complexes were added. The cells were incubated for 4 h followed by the media change (D-MEM, 10%FCS, 1% pen-strep) (16) .
Interferon activation assay
Type I interferon (IFN) activity was measured using THP-1 cells engineered to express secreted alkaline phosphatase in response to type I IFN (Invivogen). THP-1 cells deficient for STING (stimulator of IFN genes) expression (Invivogen) were used as controls when examining DNAdependent type IFN induction. THP-1 cells were cultivated in RPMI 1640 with 10% FBS, 10 mM HEPES, 1 mM pyruvate, penicillin-streptomycin and normocin (100 mg/ml). THP-1 cells were differentiated with 40 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma) for 24 h and incubated for an additional 24 h in media lacking PMA prior to transfection. Nucleic acids were transfected using Lipofectamine LTX and PLUS or L2K reagents according to the manufacturer's protocol (Invitrogen) at a final concentration of 10 nM. Culture supernatants were harvested 24 h post-transfection and assayed for alkaline phosphatase activity by incubating with the QUANTI-BLUE substrate (Invivogen) and measuring absorbance at 625 nm using a spectrophotometer.
Microscopy
To assess the re-association of R/DNA hybrids in cells, measurements were performed using a LSM 710 confocal microscope (Carl Zeiss) with a 63Â, 1.4 NA magnification lens. MDA-MB-231 cells were plated in glass bottom petri dishes (Ibidi, Germany) and subjected to transfection with RNA-DNA hybrids as described above. In a first set of experiments, RNA-DNA hybrids individually modified with Alexa488 and Alexa546 were co-transfected into cells as described above. On the next day, the samples were fixed by incubation in 4% paraformaldehyde for 20 min at room temperature. Images of the cells were then taken to assess the appearance of FRET within the sample. For Alexa488 imaging, the 488 nm line of an Argon laser was used as excitation, and the emission was collected between 493 and 557 nm. For Alexa546 imaging, a DPSS 561 laser was used for excitation, and emission was collected between 566 and 680 nm. To evaluate the sensitized emission through FRET, images were taken exciting the sample with the 488 nm line and collecting emission between 566 and 680 nm. Because of spectral overlap, the FRET signal is contaminated by donor emission into the acceptor channel and by the excitation of acceptor molecules by the donor excitation wavelength. This bleed through was assessed through measurements performed with samples transfected with individual dyes and mathematically removed from the images of FRET. In another set of experiments, a DNA duplex containing one strand modified with Alexa 488 and another modified with Iowa Black FQ was used. This duplex was either transfected alone or co-transfected with an RNA-DNA hybrid able to recombine with the duplex. Alexa 488 fluorescence was monitored as described above. All images were taken with a pinhole adjusted to 1 airy unit.
Flow cytometry experiments
For statistical analysis with flow cytometry experiments, the MDA-MB-231 231 (with or without eGFP) cells grown in 12-well plates (10 Â 10 4 cells per well) were lifted with cell dissociation buffer, washed twice with PBS and the level of expression of eGFP was determined by fluorescence-activated cell sorting (FACS) analysis on a FACScalibur flow cytometer (BD Bioscience). At least 20 000 events were collected and analyzed using the Cell quest software.
Co-transcriptional production of RNA-DNA hybrids Wild-type (WT) and mutant Pol II variants were produced from the strains containing histidine-tagged Rpb3; WT RPB1 was deleted in the strain carrying rpb1-E1103G (17) . For preliminary experiments performed in analytical scale, purified Pol II preparations were used. Reactions were done essentially as described in Kireeva et al. (18) . In a typical experiment, the elongation complexes were formed with 10 mg Pol II immobilized on 25 ml Ni-NTA agarose beads (Qiagen) washed with transcription buffer (20 mM Tris-HCl, pH 7.9, 40 mM KCl, 5 mM MgCl 2 , 1 mM ZnCl 2 , 3 mM 2-mercaptoethanol). RNA primer was annealed to DNA template in transcription buffer at 1 mM final concentration, and 30 pmol of the short RNA-DNA hybrid was incubated for 10 min with immobilized Pol II. To remove the non-specifically bound RNA and DNA the immobilized elongation complexes were incubated in transcription buffer containing 300 mM KCl for 10 min, and then washed with regular transcription buffer. Transcription was started by addition of NTPs and stopped by addition of the gel loading solution (25 mM EDTA, 8 M urea) . To analyze the release of RNA-DNA hybrids to supernatant, KCl was added to 300 mM final concentration after transcription was completed, the beads were precipitated by brief centrifugation, and the supernatant was removed. Transcription products were resolved in 20% denaturing polyacrylamide gel (19:1 acrylamide to methylene-bisacrylamide ratio) in TBE and detected and quantified with Typhoon Phosphorimager (GE Healthcare).
To obtain extended RNA-DNA hybrids in the amounts sufficient for functional assays, WT and E1103G Pol II variants were immobilized on 1 ml Ni-NTA agarose cartridges (GE Healthcare) directly from whole cell lysates obtained from 0.5 l saturated yeast cultures as described in Kireeva et al. (19) . The lysates were loaded to the cartridges using syringes attached to the cartridges (Supplementary Figure S8) , and then the beads were washed consecutively with 10 ml each of the lysis buffer (150 mM Tris-acetate, pH 7.9, 50 mM potassium acetate, 5 mM MgCl 2 , 10 mM ZnCl 2 , 2 mM 2-mercaptoethanol, 0.5 mM EDTA) containing 1 M potassium acetate and with transcription buffer. The elongation complexes were formed by loading 1 ml of 1 mM primer/template hybrid in transcription buffer through the cartridge over 15-20 min, followed by washing with 5 ml transcription buffer containing 300 mM KCl, and 5 ml transcription buffer. Transcription was started by loading 1 ml of 1 mM NTPs through the cartridge. The resulting R/DNA hybrids were eluted with transcription buffer containing 300 mM KCl. Pol II was regenerated by washing with lysis buffer containing 1 M potassium acetate. The cartridges with immobilized Pol II were re-used for additional transcription rounds at least four times.
RESULTS
Rational design of hybrids and nomenclature
As a proof of principle, we designed several pairs of RNA-DNA hybrids, which upon re-association concurrently activate multiple functionalities including RNAi (targeting eGFP), a MG aptamer and a FRET signal. The design principle of the split functionalities is shown in Figure 1 . For RNAi, we split either an asymmetric (25/27 nts) Dicer substrate short interfering RNA [DS siRNA (20) ] or conventional (21/21 nts) siRNA. DS siRNA has to undergo the process of dicing (21, 22) prior to loading into the RNA-induced silencing complex (RISC) required for RNAi (23) (24) (25) (26) (27) . Dicer is an RNaseIII-like enzyme which is incapable of processing the RNA-DNA hybrids (Supplementary Figure S1 ) to make them loadable into the RISC (1, 28) . In addition, FRET dye pairs (Alexa488 and Alexa546) and the MG aptamer are also split between the same pair of RNA-DNA hybrids. Each of the DNA strands in the hybrids is decorated with a ssDNA toehold. The toeholds in the cognate hybrids are complementary to each other. When the cognate RNA-DNA hybrids are mixed together, hybridization of the toeholds initializes re-association of the DNA strands, displaces the RNAs from the RNA-DNA hybrid and induces re-association of the RNA duplexes. This results in FRET induction and release of the DS siRNA and MG aptamer. The complementary ssDNA toeholds in the hybrids are designed to avoid any stable secondary structures. The driving force for re-association after toehold zipping is the difference in free energies between the initial hybrids and the final RNA and DNA duplexes.
To aid in the prediction and analysis of the RNA-DNA hybrid constructs, we developed two computational approaches for predicting RNA-DNA interactions and one approach for designing RNA-DNA hybrids. The first interaction prediction method is a stochastic simulation algorithm. It provides the user with insights into the kinetic pathways involved in hybrid formation and hybrid re-association. It should be noted however, that this algorithm is relatively time consuming. It is in essence a 'one bead per nucleotide' method that keeps track of nucleotide base pairing as well as nucleotide-nucleotide distance constraints (minimum and maximum allowed distances as a means for determining entropic contributions). The system determines the next base pairing folding event in a probabilistic manner as a function of the maximum allowed spatial distance between any two nucleotides. The system is able to score RNA-RNA, DNA-DNA and RNA-DNA base pairing simultaneously. In addition, the program is a two-time-scale simulation system that balances regular and rare folding events. The program can simulate multi-pot assembly protocols and kinetic folding behaviors with possible differences in the starting states. An addition to StructureLab is used to visualize the folding and unfolding events (29) . This approach is described in more detail in the Supporting Information.
A second relatively fast approach for multi-strand secondary structure prediction focuses on equilibrium thermodynamics as opposed to kinetics. The algorithm is deterministic and performs an innovative priorityqueue based approach for the conformational search of nucleotide structures. The search is used for identifying the minimum free energy structure as well as for approximating probabilities of complex formation using a partition function approach. This methodology then can also be used for estimating concentrations of different RNA, DNA and hybrid complexes in solution. One advantage compared to existing multi-strand prediction approaches is that pseudo-knots of arbitrary complexity can be considered. More detailed information can be found in the Supporting Information.
The computational design of the presented RNA-DNA hybrids is straightforward, because the chosen siRNA sequence determines the majority of the reverse-complementary sequence of the DNA strands. The design of the DNA toeholds involves the design of de novo DNA sequences, such that the toehold regions are not frequently involved in stable secondary structure formation. This is accomplished using a fragment approach, detailed in the Supporting Information. The designs and structures generated by these algorithms are depicted in Supplementary Scheme S2.
In this work, the release and re-association of the split functionalities is kinetically studied through inclusion of an RNA aptamer, which behaves as a fluorescent reporter (30) . We split the MG aptamer (31-34) into two domains and embedded these constructs in several non-overlapping positions within our cognate hybrids. In its reassembled form, this aptamer binds to the triphenylmethane dye, MG, with nanomolar affinity, which results in a substantial increase in photoemission (14, 35) while also providing an accurate gauge of recombination rates in this study. Relative to the toehold, positions of the MG aptamer are varied within the different hybrids to determine whether the efficiency of RNA and DNA re-association and split functionality release is affected by the reporter location.
The naming of each hybrid will be used to illustrate the positioning of the functionality relative to the singlestranded toehold of the DNA strand. For example, H1(mg1_sDS) is a hybrid with one strand of the split MG aptamer located next to the toehold and the sense strand of DS siRNA embedded downstream. The cognate hybrid of H1(mg1_sDS) will be H2(mg2_aDS), which contains the second strand of the MG aptamer and the DS siRNA antisense strand. Hybrids consisting of two or three siRNA functionalities will be referred to in the same fashion, e.g. H1(mg1_sDSsDS) or H1(sDSsDSsDS). Sequences of the DNA and RNA tested in this work are listed in Supporting Information. C. The additional higher order bands seen in the lane with two re-associated hybrids can be attributed to the formation of larger complexes due to the asymmetry of the DNA duplex. The MG aptamer duplex is asymmetric with one strand being six nucleotides longer. Therefore, the complementary DNA strands also vary in length, slowing DNA duplex formation after zipping of the ssDNA toeholds. This allows for multiple complementary DNA strands to anneal forming elongated duplexes. These results are consistent with the computational predictions (SI, computational approach). The computational approach also predicts (in addition to the expected siRNA and DNA duplexes) the existence of DNA quadruplexes (consisting of two copies of the sense DNA and two copies of the antisense DNA) in the case of the MG-aptamer binding DNA duplex. The corresponding higher-order band is indicated in Figure 2 and Supplementary Figures S1 and S2.
The fluorescence of the MG dye was monitored in the presence of the cognate hybrids. Prior to the acquisition of the emission spectrum, the cognate hybrids were incubated with the MG dye for 3 h at 37 C. The results show no emission of the MG dye when in the presence of individual hybrids; only hybrid re-association boosts the fluorescence. For the time trace experiments, the formation of the MG aptamer and subsequent fluorescence of the MG dye are tracked every 30 s. For the hybrids releasing the MG aptamer and one siRNA (Figure 2b) , the complete re-association occurs after $90 min with the k MG aptamer release = (4.31 ± 0.1) Â 10 À4 s À1 (derived from the data fitting described in the Supporting Information). To confirm the release of MG aptamers irrespective of their position relative to the toehold and to estimate the rate of their release, we embedded aptamers at different positions in the hybrids (Supplementary Figure S3) . Time trace experiments for these hybrids designed to release the MG aptamer together with two siRNAs show that the release rate is not significantly affected by the relative position of the MG aptamer. These results indirectly confirm the release of all RNA-based split functionalities regardless of their positions within the hybrids relative to the ssDNA toehold.
To visualize the delivery of the RNA-DNA hybrids and their re-association in solution as well as in cultured cells, the 3 0 -end of antisense-binding and the 5 0 -end of sensebinding DNA strands were fluorescently tagged with Alexa488 and Alexa546, respectively. These dyes are commonly used in FRET studies. When two fluorescently As the control, DS siRNA duplexes against eGFP were used. (e) IFN activity was assessed using THP-1 IFN reporter cells that secrete alkaline phosphatase in response to type I IFN. Cells were transfected with hybrids, and culture supernatants were assayed for reporter activity after 24 h. labeled hybrids are mixed, the double-stranded DNA (dsDNA) formation brings Alexa488 within the Fo¨rster distance (R 0 = 6.31 nm) of Alexa546. As a result, when excited at 460 nm, the emission of Alexa546 increases while the signal of Alexa488 drops compared to the control DNA duplexes labeled with the single fluorescent dye, which are unable to re-associate (Figure 2c) . Interestingly, the activation of FRET through DNA duplex formation reveals that the toehold zipping occurs at a rate comparable to the rate of the MG aptamer release [k FRET = (4.15 ± 0.1) Â 10 À4 s À1 and k MG aptamer release = (4.31 ± 0.1) Â 10 À4 s À1 ].
Intracellular re-association of hybrids
The ability of the cognate RNA-DNA hybrids to enter the cells and recombine releasing DS siRNAs was assessed with human breast cancer cells stably expressing eGFP (MDA-MB-231/eGFP) using flow cytometry experiments ( Figure 2d ). First, cells were co-transfected with only one hybrid at a time (H1 or H2) and 3 days after, the level of eGFP expression was analyzed with fluorescence microscopy and flow cytometry. All experiments were repeated at least three times. The results demonstrated no silencing in eGFP production caused by the individual hybrids. However, when cells were co-transfected with individually prepared complexes of L2K and individual cognate RNA-DNA hybrids (H1/L2K and H2/L2K), the level of silencing measured 3 days after was comparable to the silencing resulting from the transfections with control, pre-formed asymmetric DS siRNAs. The previously published results demonstrated that the individually precomplexed with L2K hybrids were only able to re-associate within cells and not in medium (1) . Interestingly, in the case of a conventional 21-mer siRNA release, individual hybrids containing antisense strands were able to trigger moderate silencing in eGFP production ( Supplementary  Figures S2c and S3c) . These results are in agreement with previously published data (37, 38) . While investigating whether these agents were cytotoxic or had immune stimulatory properties, we examined the type I IFN response (using a THP-1 IFN reporter cell line) following transfection of different nucleic acid duplexes. Transfection of individual hybrids or co-transfection of hybrids did not lead to significant IFN production, whereas direct transfection of dsDNA stimulated type I IFN (Figure 2e) .
To visualize intracellular re-association, RNA-DNA hybrids labeled with Alexa488 and Alexa546 (Figure 3a) were co-transfected into MDA-MB-231 cells and examined by confocal microscopy the next day (Figure 3b ). The overlap of the Alexa488 and Alexa546 fluorescence indicates that while a fraction of each dye is distributed in distinct endosomes, a significant amount of Alexa488 and Alexa546 are co-localized as evident from the appearance of the yellow signal. To further check whether FRET occurs within those endosomal compartments, the Alexa546 sensitized emission was imaged. The sample was excited at 488 nm, and the emission of Alexa546 was collected. The FRET signal [calculated as described previously (1)] remaining upon bleed through correction is presented in Figure 3b (4 and 5) .
It is anticipated, that the use of a higher number of DS siRNAs (and 21-mer siRNA) released upon hybrid reassociation may potentially improve the silencing efficiency of the transfection experiments. To confirm this assumption, RNA-DNA hybrids designed to simultaneously release one, two and three DS siRNAs were tested (Figure 3c and d; Supplementary Figure S4) . The results show the highest extent of silencing for hybrids releasing three DS siRNAs and the lowest for the release of only one DS siRNA. Interestingly, the silencing efficiencies for hybrids releasing two and three DS siRNAs are higher compared to control siRNAs.
To investigate the maximum number of DS siRNAs which can be released upon hybrids re-association, hybrids releasing one, three and seven DS siRNAs against previously tested glutathione S-transferase P1 (GSTP1) (1) were designed ( Figure 4 ). Due to synthetic limitations of commercially available ssDNAs (maximum of 200 nts), the longest hybrids which we could obtain contained seven DS siRNAs. The successful release of DS siRNAs against GSTP1 was confirmed by native-PAGE ( Figure 4a ) and cell culture silencing experiments using A549 lung adenocarcinoma cells (Supplementary Figure S5) .We also examined the type I IFN response for these longer hybrid systems. Hybrids releasing longer dsDNA substrates would be predicted to stimulate the type I IFN response, which has been shown previously to occur in response to dsDNA substrates larger than 60 bps (39) . Importantly, addition of individual hybrids failed to induce type I IFN above background levels (Figure 4b) . Furthermore, co-transfection of hybrids releasing fewer DS, and thus shorter dsDNA duplexes were not stimulatory for type I IFN induction (Figure 4b ). However, simultaneous co-transfection of hybrids releasing seven DS siRNAs led to measurable type I IFN production (Figure 4b ). Type I IFN induction was abrogated in cells deficient for STING, suggesting that intracellular re-association of hybrids led to DNAdependent type I IFN production (Figure 4c ). Induction of IFN was not as efficient as experiments where dsDNA was transfected into cells or where hybrids were preincubated together (and thus re-associated) prior to transfection (Figure 4c ).
Optimization of hybrids design
The effects of introducing additional toeholds [total of two toeholds (2t) per each hybrid] and designing a completely complementary DNA duplex (through elongation of DNA strand for mg2_a), which was disrupted due to the asymmetry of MG aptamer, were also investigated (Supplementary Figure S6) . These structural modifications aim to improve the kinetics of RNA-DNA hybrid re-association and thus enhance the release of RNA-based functionalities. The results indicate a slight improvement in the kinetics of MG aptamer release for hybrids with two toeholds (k MG aptamer release $4.8 Â 10 À4 s
À1
) and a higher increase in rates for elongated constructs (k MG aptamer release $ 6.6 Â 10 À4 s À1 ) compared to the 'WT' hybrids
). However, the silencing efficiency was not affected (data not shown). The results suggest the possibility to improve the release of functional aptamers through the rational design of RNA-DNA hybrids.
Co-transcriptional production of RNA-DNA hybrids Previously, we developed protocols for co-transcriptional production of functional, chemically modified RNA nanoparticles using WT T7 RNA polymerase (9, 10, 40) . However, this novel approach may not be suitable for functional RNA-DNA hybrid production (Figure 5a ). The RNA-DNA hybrids characterized above contain short synthetic RNA oligonucleotides annealed to the synthetic single-strand DNA template; each RNA oligo encodes one separate split functionality. Extended RNA-DNA hybrids with a single long RNA molecule carrying several different split functionalities appear to be a promising alternative to short synthetic RNAs for applications in which coordinated delivery of the functionalities is essential. Pol II-directed synthesis of RNA-DNA hybrids containing ssDNA toeholds upstream from the RNA-DNA hybrid has been described previously (18) . Pol II formed an elongation complex on the H2(mg2_aDS) template with the MG2 primer annealed to the single-stranded DNA oligo and reached the end of the template upon addition of NTPs (Figure 5b,  left panel) . The efficiency of the full-length runoff product formation was higher in 1 mM NTPs.
Next, we explored whether the downstream DNA toehold could be obtained by stopping transcription before RNA polymerase runs off the template by introducing two abasic sites (41); two RNA NMPs or two LNA NMPs into the template H1(mg1_sDS) 10 nts from its 5 0 -end. While the RNA bases stopped transcription inefficiently ( Figure 5b , center panel; note the readthrough after 2 min incubation with NTPs), abasic sites and the LNA modifications proved to be strong barriers to transcription elongation on a ssDNA template (Figure 5b, center panel) . To ensure that the template modifications designed to stop transcription do not interfere with the DNA strand reannealing, the constructs carrying abasic sites and LNA NMPs were tested for siRNA release and MG aptamer activation (Supplementary Figure S7) . Both constructs formed dsDNA and released the dsRNAs upon addition of H2 RNA-DNA hybrid as demonstrated by native PAGE (Supplementary Figure S7a) and were equally efficient in the release of siRNA against GFP (Supplementary Figure  S7c) . However, MG2 aptamer activation was significantly more efficient with H1(mg1_sDS) LNA than with a RNA-DNA hybrid containing abasic sites. Therefore, for larger scale enzymatic production of the extended RNA-DNA hybrid we chose the H1(mg1_sDS) LNA template. Hybridization of the RNA to DNA in the transcription product was confirmed by the high sensitivity of the transcription product to degradation by ribonuclease H (Supplementary Figure S8) .
To further improve the homogeneity of the cotranscriptionally produced extended RNA-DNA hybrid, transcription pauses should be eliminated or decreased. To this end, we attempted to use a previously characterized fast mutant, rpb1-E1103G Pol II (17) in transcription reactions. The amount of the RNA product on H1(mg1_sDS) LNA template was significantly increased when transcription was done with the mutant Pol II (Figure 5b, right panel) . However, when rpb1-E1103G Pol II transcribed the H2(mg2_aDS) DNA template, most of the accumulated RNA products were significantly longer than expected (data not shown), suggesting that the mutant Pol II might be switching from one single strand DNA template to another upon reaching the template end without releasing the template.
Enzymatic production of RNA-DNA hybrids for reassociation assays was performed using rpb1-E1103G Pol II with the H1 template containing two LNA dNMPs. A WT yeast Pol II was used with the H2 template. Importantly, the Pol II elongation complexes containing 14-nt or longer RNA-DNA hybrid are unstable; the hybrid is quantitatively released from Pol II in 300 mM KCl (18) . We exploited this property of Pol II and produced extended RNA-DNA hybrids free of Pol II and using transcription with Pol II immobilized on a Ni-NTA agarose cartridge. The procedure is described in detail in 'Materials and Methods' section and Supplementary Figure S8 ; it is different from conventional transcription by Pol II in solid phase (18) by the larger scale and immobilization of Pol II on a Ni-NTA agarose cartridge instead of loose Ni-NTA agarose suspension. Briefly, the primer hybridized to the template was passed through the Ni-NTA agarose cartridge containing immobilized Pol II. The resin was extensively washed with transcription buffer to remove non-specifically bound RNA and DNA and NTP solution was passed through the cartridge. The extended RNA-DNA hybrid was then eluted with the transcription buffer containing 300 mM KCl. The RNA-DNA hybrids obtained from the H1 and H2 templates were concentrated by ethanol precipitation, re-dissolved in hybridization buffer and subjected to functional tests for dsDNA and dsRNA re-association (Figure 5c and d; Supplementary Figure S9 ).
DISCUSSION
We demonstrated that the re-association of two hybrids leads to the simultaneous release of multiple functionalities with tunable efficiencies in vitro as well as inside mammalian cells. Using several different types of fluorescent reporters, the kinetics of RNA release and DNA re-association were found to be in accordance with one another. The enhanced silencing efficiencies observed with hybrids carrying multiple DS siRNA functionalities establishes how this novel technology provides an additional mechanism for delivering greater doses of nucleic acid functionalities while also limiting the possibility of degradation given its stable hybrid nature.
The successful assembly of a bipartite, asymmetric MG aptamer and the concomitant re-association of the DNA strands demonstrates how additional asymmetric RNA functionalities, such as miRNAs, can be built into this delivery system. The use of miRNAs would limit the offtarget effects brought about by the unintended loading of the passenger strand into RISC. In contrast, by redesigning the hybrids to incorporate symmetric DNA strands, we were able to alter the rate of re-association illustrating how the structural and thus kinetic properties can be adjusted to meet varying cargo and delivery requirements. Additional improvements to the hybrid design can be developed and tested using the tunable, co-transcriptional production process we have developed. For example, aptamers can be built into the ends of the DNA strands opposite to the single-stranded toehold (Supplementary Figure S10) . This provides an opportunity to test for cell-targeting capabilities via ligand-specific aptamers while also leaving the re-association capabilities of the RNA uncompromised. Our development of a novel RNA-DNA hybrid folding algorithm further facilitates this process of design manipulation by providing probabilistic determinations of thermodynamically stable secondary structures which may form during hybrid formation and subsequent re-association. The use of this predictive power vastly expands possibilities for modification and thus application of the hybrid technology.
Delivery of split functions in the context of two RNA-DNA hybrids has several important advantages such as the triggered release of multiple different RNAi inducers inside cells, simultaneous intracellular activation of other split functionalities (e.g. FRET), tight control over targeting specificity (e.g. hybrids can be decorated with cell surface specific recognition moieties such as aptamers; Supplementary Figure S10) , real-time intracellular fluorescent tracking of the delivery and re-association of hybrids, introduction of additional functionalities without direct interference with RNAi processivity, increased retention time in biological fluids (1) and the possibility to fine-tune thermodynamics and kinetics of re-association by including chemical analogs (e.g. LNA) to the hybrid DNA strands. Importantly, to completely eliminate the possibility of gene silencing caused by individual hybrids, we recommend the use of asymmetric DS siRNAs (25/27-mers in length or longer). Their design can be assisted by newly developed software.
Notably, hybrids capable of releasing multiple DSs, and thus longer dsDNA byproducts, also stimulated a measureable type I IFN response in THP-1 cells. Previous studies have indicated that dsDNA longer than 60 bp is capable of inducing type I IFN through a STINGdependent mechanism (39) . Here, we demonstrate that hybrids which can release up to three DSs do not induce significant IFN, even though the resulting dsDNA is long enough to trigger a response on its own. These data suggest that the kinetics of re-association of hybrids might be slower within cells, or that the dsDNA generated in cells upon re-association have relatively low concentrations locally. However, when hybrid lengths were increased to enable release of seven DSs, the resulting dsDNA was capable of inducing type I IFN production through a STING-dependent mechanism. These data suggest that there is a risk of immune stimulation as the number of DSs and corresponding DNA length are increased. Thus, in the future, hybrids could be designed which release a number of DSs that are sufficient for depletion of target genes, but fail to trigger host innate nucleic acid sensing pathways.
In this work we also demonstrated that RNA-DNA hybrids with RNA strands longer than 70 nt (which is a current sensible limit for chemical synthesis) are efficiently produced in vitro by Pol II. It opens new possibilities of combining multiple functionalities in just two RNA strands. This is, to our knowledge, the very first application of in vitro transcription by Pol II for preparative RNA production. It is important to mention, that in this setup both bacteriophage T7 RNA polymerase and Escherichia coli RNA polymerase could not extend the RNA primers to the desired full-length RNA-DNA hybrids (42) . This unique ability of Pol II to extend the RNA primer to the end of the ssDNA template suggests that the primer-template complex might by itself serve as a therapeutic precursor. Provided that the pre-formed primer-template complexes are delivered to the nucleus, they would be converted to the full-length hybrids, subsequently releasing the functional RNAs and the byproduct DNAs. The advantage of using these hybrid precursors is that their high amounts can be chemically synthesized in vitro. To protect the ssDNA parts of the hybrid precursors against blood serum nucleases, phosphorothioate bonds can be introduced with further evaluation of Pol II activity in vitro. It is known that, for example, replication is not inhibited by 1-3 consecutive phosphorothioate bonds in the template DNA strand (43) .
It is furthermore an advantage of the methodology, that the computational capabilities for structure prediction as well as for sequence design have been developed in parallel. The newly developed software aiming in design of hybrids will be available upon request and the website is currently under development. This adds further to the generality of the approach and simplifies the application of the RNA-DNA hybrid approach to novel cases. As previously shown in the case of DNA nanostructure design, computational approaches can significantly shorten and simplify the sequence design process (44) .
The expression of long RNA-DNA hybrids from a vector is an exciting possibility to introduce various approaches of RNA nanotechnology to the expanding field of gene therapy (45) . However, it will require significant modifications to the approach proposed in this work. The extended RNA-DNA hybrids (R-loops) are formed in mammalian cells, especially when RNA processing machinery is impaired (46) . R-loops are frequently implicated in genomic instability and cancer (47) . R-loops appear to have non-pathogenic biological functions, protecting CpG-containing DNA from methylation (48), promoting transcription termination (49) , as well as recombination during immunoglobulin class-switch recombination (50) . Extended RNA-DNA hybrids are stabilized by G-quadruplex structures in RNA and nontemplate DNA strands (51) . It is possible to design a DNA sequence that will tend to form extended RNA-DNA hybrids while transcribed in the cell. However, production of two hybrids carrying split complementary RNAs appears to be challenging because the R-loops are preferentially formed when the transcript is G-rich, but not C-rich. Formation of ssDNA toeholds by transcription from a vector DNA poses additional challenges. For instance, an abaisic site or LNA introduced into the DNA vector before the transfection is likely to be repaired inside the cells; furthermore, these modifications will not survive DNA replication of viral-based vectors. Therefore, we currently focus mostly on possible therapeutic applications of RNA-DNA hybrids produced in vitro (by chemical synthesis or in vitro transcription).
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